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White Matter IntegrityWhite Matter IntegrityWhite Matter IntegrityWhite Matter Integrity
Age, Alcoholism, and FunctionAge, Alcoholism, and Function

 Imaging brain white matter in normal agingImaging brain white matter in normal aging
– Macrostructural volumes
– Microstructural constituents
– Genetic contribution to structure

 White matter integrity and function in ageWhite matter integrity and function in age

 White matter integrity and function in alcoholismWhite matter integrity and function in alcoholism

 White matter integrity and connectivityWhite matter integrity and connectivity



Brain Development and AgingBrain Development and Aging
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Brain weight increases fourfold from birth to about 10 years of ageBrain weight increases fourfold from birth to about 10 years of age
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The Normal Aging BrainThe Normal Aging Brain 21 yr old21 yr old 53 yr old53 yr old 71 yr old71 yr old
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The Normal Aging BrainThe Normal Aging Brain 21 yr old21 yr old 53 yr old53 yr old 71 yr old71 yr old
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Callosal vs. Ventricular AgingCallosal vs. Ventricular AgingCallosal vs. Ventricular AgingCallosal vs. Ventricular Aging
Differential Rates of Change over 4 YearsDifferential Rates of Change over 4 Years

 Annual ventricular expansion=2.9%Annual ventricular expansion=2.9%pp
 Annual callosal shrinkage=Annual callosal shrinkage=--0.9%0.9%215 Men, age 70215 Men, age 70--82 years old82 years old

Time 1Time 1

 Change in size and Change in size and 
morphology of the corpusmorphology of the corpusmorphology of the corpus morphology of the corpus 
callosumcallosum largelylargely due to due to 
ventricular expansionventricular expansion

Time 2Time 2

Times 1 & 2Times 1 & 2Times 1 & 2Times 1 & 2

Sullivan et al. Sullivan et al. Cerebral Cortex Cerebral Cortex 20052005



MR Diffusion Tensor Imaging (DTI)MR Diffusion Tensor Imaging (DTI)

–– Index of Index of microstructuralmicrostructural integrity (e.g., in white matter, myelin) integrity (e.g., in white matter, myelin) 
»» Intravoxel coherenceIntravoxel coherence:  measures magnitude (:  measures magnitude (diffusivitydiffusivity) and orientation ) and orientation 

((anisotropyanisotropy) of freely diffusing water molecules) of freely diffusing water molecules withinwithin individual voxelsindividual voxels((anisotropyanisotropy)  of freely diffusing water molecules )  of freely diffusing water molecules withinwithin individual voxelsindividual voxels
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Small macrostructural change in white matter volume with ageSmall macrostructural change in white matter volume with age
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DTI MetricsDTI Metrics
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Normal Aging of White Matter Normal Aging of White Matter 

31 ld31 ld

Microstructure:  Partner Microstructure:  Partner MRI+DTIMRI+DTI
31 yr old31 yr old

71 yr old71 yr old71 yr old71 yr old

Pfefferbaum & Sullivan.  In Pfefferbaum & Sullivan.  In Clinical MR Neuroimaging: Diffusion, Perfusion & Spectroscopy (2Clinical MR Neuroimaging: Diffusion, Perfusion & Spectroscopy (2ndnd ed)ed) 20102010



Normal AgingNormal AgingNormal AgingNormal Aging
Corpus Callosum MicrostructureCorpus Callosum Microstructure
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Age Effect in theAge Effect in the
Anterior Corpus CallosumAnterior Corpus Callosum
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Frontal DistributionFrontal Distribution
PfefferbaumPfefferbaum, , AdalsteinssonAdalsteinsson, Sullivan, Sullivan
NeuroImageNeuroImage 20052005
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Heritability of Heritability of CallosalCallosal FAFA
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Q tit ti Fib T kiQ tit ti Fib T kiQuantitative Fiber TrackingQuantitative Fiber Tracking
»» Intravoxel coherenceIntravoxel coherence: measures magnitude (: measures magnitude (diffusivitydiffusivity) and orientation) and orientation»» Intravoxel coherenceIntravoxel coherence:  measures magnitude (:  measures magnitude (diffusivitydiffusivity) and orientation ) and orientation 

((anisotropyanisotropy)  of freely diffusing water molecules )  of freely diffusing water molecules withinwithin individual voxelsindividual voxels
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Q tit ti Fib T kiQ tit ti Fib T kiQuantitative Fiber TrackingQuantitative Fiber Tracking sourcesourcetargettarget

 Identify fibers with a target and source modelIdentify fibers with a target and source model
 Compute FA and diffusivity along the entireCompute FA and diffusivity along the entire Compute FA and diffusivity along the entire Compute FA and diffusivity along the entire 

fiber bundle, number of fibers, fiber lengthfiber bundle, number of fibers, fiber length
 Examine central, proximal, and distal fiberExamine central, proximal, and distal fiber Examine central, proximal, and distal fiber Examine central, proximal, and distal fiber 

bundle segmentsbundle segments

»» Intervoxel coherenceIntervoxel coherence:  measures :  measures 
anisotropy and diffusivity on a anisotropy and diffusivity on a 
voxelvoxel--toto--voxel basis for voxel basis for 
(quantitative) (quantitative) fiber trackingfiber tracking
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Quantitative Fiber TrackingQuantitative Fiber TrackingQuantitative Fiber TrackingQuantitative Fiber Tracking
Fibers Coursing through Corpus Callosum and AgeFibers Coursing through Corpus Callosum and Age
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FA ADC

60

65

py

FA

105

110

ci
en

t

ADC

Older

Younger

50

55

tio
na

l A
ni

so
tro

p

95

100
D

iff
us

io
n 

C
oe

ff
ic

40

45

%
 F

ra
ct

Older

Younger

85

90

A
pp

ar
en

t D

Pref
ron

tal
Prem

oto
r

Post
cen

tra
l

Post
. p

ari
eta

l
Sup

. te
mpo

ral
Inf

er.
 te

mp-o
cc

Pref
ron

tal
Prem

oto
r

Post
cen

tra
l

Post
. p

ari
eta

l
Sup

. te
mpo

ral
Inf

er.
 te

mp-o
cc

Sullivan et al.Sullivan et al.
Cerebral Cortex Cerebral Cortex 20062006



White Matter Systems and PerformanceWhite Matter Systems and PerformanceWhite Matter Systems and PerformanceWhite Matter Systems and Performance
Pathways of Neural CommunicationPathways of Neural Communication

 Projection fibersProjection fibers
–– corticospinalcorticospinal tractstracts
–– pontocerebellarpontocerebellar tractstractspontocerebellarpontocerebellar tractstracts

 CommissuresCommissures
–– interhemisphericinterhemispheric communicationcommunication

 Association fibersAssociation fibers Association fibersAssociation fibers
–– long long fasciculifasciculi and short and short UU--fibersfibers
–– intrahemisphericintrahemispheric communicationcommunication



Quantitative Fiber TrackingQuantitative Fiber TrackingQuantitative Fiber TrackingQuantitative Fiber Tracking
Age and Sex (N=120)Age and Sex (N=120)

 Diffusivity is Diffusivity is 
more sensitive more sensitive 
than FA to agethan FA to agethan FA to age than FA to age 
differences in differences in 
several regions.several regions.

 Sex differences Sex differences 
over age were over age were 
seldomseldomseldom seldom 
observed.observed.

Sullivan, Rohlfing, Pfefferbaum Sullivan, Rohlfing, Pfefferbaum Neurobiology of AgingNeurobiology of Aging 20102010



Fiber TrackingFiber TrackingFiber TrackingFiber Tracking
Age and SexAge and Sex

 Superior and Frontal Superior and Frontal 
fiber bundles were fiber bundles were 
more vulnerable tomore vulnerable tomore vulnerable to more vulnerable to 
age effects than age effects than 
inferior or posterior inferior or posterior 
bundles.bundles.

 In general, men and In general, men and 
women showedwomen showedwomen showed women showed 
similar regional age similar regional age 
effects.effects.

Sullivan, Rohlfing, Pfefferbaum Sullivan, Rohlfing, Pfefferbaum Neurobiology of AgingNeurobiology of Aging 20102010



Quantitative Fiber TrackingQuantitative Fiber TrackingQuantitative Fiber TrackingQuantitative Fiber Tracking
Pontocerebellar Tracts:  Age and SexPontocerebellar Tracts:  Age and Sex

 Neither age nor sex differences occurred in FA or Neither age nor sex differences occurred in FA or 
diffusivity indiffusivity in pontinepontine oror cerebellarcerebellar tracts.tracts.

Sullivan, Rohlfing, Pfefferbaum Sullivan, Rohlfing, Pfefferbaum Neurobiology of AgingNeurobiology of Aging 20102010

diffusivity in diffusivity in pontinepontine or or cerebellarcerebellar tracts.tracts.



Progression?Progression?Progression?Progression?



Progression over 2 Years?Progression over 2 Years?
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Progression over 2 Years?Progression over 2 Years?Progression over 2 Years?Progression over 2 Years?

26 year old woman26 year old woman

80 year old woman80 year old woman

Sullivan, Sullivan, RohlfingRohlfing, , PfefferbaumPfefferbaum Developmental NeuropsychologyDevelopmental Neuropsychology 20102010



Progression over 2 Years?Progression over 2 Years?Progression over 2 Years?Progression over 2 Years?

Sullivan, Sullivan, RohlfingRohlfing, , PfefferbaumPfefferbaum Developmental NeuropsychologyDevelopmental Neuropsychology 20102010



Corpus Callosum and AgeCorpus Callosum and AgeC p C gC p C g
Central vs. Lateral FibersCentral vs. Lateral Fibers

0.60

0.65

0.70

0.75

0.80

A

FA:  Midsagittal Fibers

srt_pseg6_21aug07.data

0.90

1.00

1.10

si
vi

ty

ADC:  Midsagittal Fibers

srt_pseg6_21aug07.data

0.60

0.65

0.70

0.75

0.80
A

FA:  Distal Fibers

dst_pseg6_21aug07.data

Elderly DTI 2

Young DTI 2

Elderly DTI 1

Young DTI 1

0.90

1.00

1.10

si
vi

ty

ADC:  Distal Fiber

dst_pseg6_21aug07.data

0.35

0.40

0.45

0.50

0.55FA

0.60

0.70

0.80D
iff

us

l r l l l l

0.35

0.40

0.45

0.50

0.55

FA

l

0.60

0.70

0.80D
iff

us

al or al al al al

Pref
ro

ntal
Prem

otor
Prec

en
tra

l
Postc

en
tra

l
Post.

 pari
eta

l
Tem

p-pari
eta

l

Pref
ro

ntal
Prem

otor
Prec

en
tra

l
Postc

en
tra

l
Post.

 pari
eta

l
Tem

p-pari
eta

l

Pref
ro

ntal
Prem

otor
Prec

en
tra

l
Postc

en
tra

l
Post.

 pari
eta

l
Tem

p-pari
eta

l

Pref
ro

ntal
Prem

otor
Prec

en
tra

l
Postc

en
tra

l
Post.

 pari
eta

l
Tem

p-pari
eta

l

Sullivan, Sullivan, RohlfingRohlfing, , PfefferbaumPfefferbaum Developmental NeuropsychologyDevelopmental Neuropsychology 20102010



White Matter IntegrityWhite Matter IntegrityWhite Matter IntegrityWhite Matter Integrity
Age, Alcoholism, and FunctionAge, Alcoholism, and Function

 Imaging brain white matter in normal agingImaging brain white matter in normal aging
– Macrostructural volumes
– Microstructural constituents
– Genetic contribution to structure

 White matter integrity and function in ageWhite matter integrity and function in age

 White matter integrity and function in alcoholismWhite matter integrity and function in alcoholism

 White matter integrity and connectivityWhite matter integrity and connectivity



FA and Alternated Finger TappingFA and Alternated Finger Tapping
Interhemispheric Transfer TestInterhemispheric Transfer Test

spleniumsplenium

0.800.80 0.600.60AA

parietalparietal
pericallosalpericallosal

spleniumsplenium

0.750.75

0 800 80

FAFA

0.550.55

0 600 60

ca
llo

sa
l  

 F
A

ca
llo

sa
l  

 F
A

0 650 65

0.700.70

Sp
le

ni
um

  
Sp

le
ni

um
  

0.450.45

0.500.50
et

al
   

Pe
ric

et
al

   
Pe

ric

0.600.60

0.650.65SS

rr = .56= .56
p < .02p < .02

0.350.35

0.400.40Pa
rie

Pa
rie

r = .61r = .61
p < .008p < .008

Sullivan et al. Sullivan et al. NeuroReportNeuroReport 20002000

100100 150150 200200 250250 300300 100100 150150 200200 250250 300300
Alternated Finger Tapping OutputAlternated Finger Tapping Output Alternated Finger Tapping OutputAlternated Finger Tapping Output



C SC SInternal Capsule Sample and AgeInternal Capsule Sample and Age
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Internal CapsuleInternal CapsuleInternal CapsuleInternal Capsule
Topological OrganizationTopological Organization

Posterior LimbPosterior Limb
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Internal CapsuleInternal CapsuleInternal CapsuleInternal Capsule
Topological OrganizationTopological Organization
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Internal Capsule TractsInternal Capsule TractsInternal Capsule TractsInternal Capsule Tracts
Fractional AnisotropyFractional Anisotropy
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Central:  Young > Elderly (p=.0001), no group x ACentral:  Young > Elderly (p=.0001), no group x A--P interactionP interaction

Sullivan, Zahr, Rohlfing, PfefferbaumSullivan, Zahr, Rohlfing, Pfefferbaum
NeuropsychologiaNeuropsychologia 20102010



Internal Capsule TractsInternal Capsule TractsInternal Capsule TractsInternal Capsule Tracts
Transverse (Transverse (T) DiffusivityT) Diffusivity
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Superior:  Young < Elderly (p=.0001), no group x ASuperior:  Young < Elderly (p=.0001), no group x A--P interactionP interaction

Inferior:  Young < Elderly (p=.0001), no group x AInferior:  Young < Elderly (p=.0001), no group x A--P interactionP interaction

Central:  Young < Elderly (p=.0001), group x ACentral:  Young < Elderly (p=.0001), group x A--P interaction trend (p=.0917)P interaction trend (p=.0917)

Sullivan, Zahr, Rohlfing, PfefferbaumSullivan, Zahr, Rohlfing, Pfefferbaum
NeuropsychologiaNeuropsychologia 20102010



Internal Capsule and PerformanceInternal Capsule and PerformanceInternal Capsule and PerformanceInternal Capsule and Performance
Fractional AnisotropyFractional Anisotropy

2

FluenciesFluencies
2

Upper LimbUpper Limb

0

1

ci
es0

1

M
ot

or

-1

0

Fl
ue

nc

rr=.84=.84
pp= 0001= 0001

-2

-1

U
pp

er
 M

r=.68r=.68
p= 0002p= 0002

-2
0.55 0.60 0.65 0.70 0.75 0.80

Inferior Posterior FA

pp=.0001=.0001
-3

0.55 0.60 0.65 0.70 0.75 0.80
Inferior Genu FA

p=.0002p=.0002

Damage to internal capsuleDamage to internal capsule
• amotivation to speak• amotivation to speak
• facial and lingual weakness• facial and lingual weaknessgg

Sullivan, Zahr, Rohlfing, PfefferbaumSullivan, Zahr, Rohlfing, Pfefferbaum
NeuropsychologiaNeuropsychologia 20102010



Internal Capsule and PerformanceInternal Capsule and PerformanceInternal Capsule and PerformanceInternal Capsule and Performance
Transverse (Transverse (��T) DiffusivityT) Diffusivity
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White Matter IntegrityWhite Matter IntegrityWhite Matter IntegrityWhite Matter Integrity
Age, Alcoholism, and FunctionAge, Alcoholism, and Function

 Imaging brain white matter in normal agingImaging brain white matter in normal aging
– Macrostructural volumes
– Microstructural constituents
– Genetic contribution to structure

 White matter integrity and function in ageWhite matter integrity and function in age

 White matter integrity and function in alcoholismWhite matter integrity and function in alcoholism

 White matter integrity and connectivityWhite matter integrity and connectivity



 MaladaptiveMaladaptive pattern of alcohol use leading topattern of alcohol use leading to

Alcohol Dependence:  DSMAlcohol Dependence:  DSM--IVIV
 MaladaptiveMaladaptive pattern of alcohol use, leading to pattern of alcohol use, leading to 

clinically significant impairment or distress, clinically significant impairment or distress, 
manifested by 3 or more of the following in a manifested by 3 or more of the following in a 
1212--month period:month period:

ToleranceTolerance–– ToleranceTolerance
–– WithdrawalWithdrawal
–– Increasing consumptionIncreasing consumption

12.5% men, 1.5% women lifetime 12.5% men, 1.5% women lifetime 
prevalence of alcohol dependenceprevalence of alcohol dependence

Increasing consumptionIncreasing consumption
–– Unsuccessful in cutting downUnsuccessful in cutting down
–– Inordinate time spentInordinate time spent

b i i l h lb i i l h lobtaining alcoholobtaining alcohol
–– Marked deterioration in life activitiesMarked deterioration in life activities
–– Continued use despite physiological orContinued use despite physiological or–– Continued use despite physiological or Continued use despite physiological or 

psychological psychological problemsproblems



Alcoholism:  Common and CostlyAlcoholism:  Common and Costly

 7 to 10% of U.S. adult population7 to 10% of U.S. adult population
 14 to 20% of admissions to private hospitals14 to 20% of admissions to private hospitalsp pp p
 30 to 35% entering university or municipal 30 to 35% entering university or municipal 

teaching hospitalsteaching hospitals
 50% of those being treated in VA medical, 50% of those being treated in VA medical, 

surgical, and psychiatric inpatient facilities surgical, and psychiatric inpatient facilities 

 About 1/3 to 1/2 of treatmentAbout 1/3 to 1/2 of treatment--seeking alcoholics have seeking alcoholics have 
detectable cognitive or motor impairments.detectable cognitive or motor impairments.

ArciniegasArciniegas and Beresfordand Beresford
Neuropsychiatry: An Introductory Approach  Neuropsychiatry: An Introductory Approach  2001 2001 

g pg p



Alcoholism and White MatterAlcoholism and White Matter
 In vivo studiesIn vivo studies o stud eso stud es

–– White matter = gray matter volume shrinkageWhite matter = gray matter volume shrinkage

 Postmortem studiesPostmortem studies
–– White matter more affected than gray matterWhite matter more affected than gray matter
–– DemyelinationDemyelination
–– Microtubule disruptionMicrotubule disruption–– Microtubule disruptionMicrotubule disruption
–– Axonal deletionAxonal deletion
–– Notable in frontal regionsNotable in frontal regions

L Axonal integrityAxonal integrity Myelin integrityMyelin integrity

➯➯ DTI quantification of FA and diffusivity componentsDTI quantification of FA and diffusivity components
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Alcoholism and White Matter FAAlcoholism and White Matter FA

32 Control Men32 Control Men 42 Control Women42 Control Women

40 Alcoholic Men40 Alcoholic Men 17 Alcoholic Women17 Alcoholic Women

Pfefferbaum, Adalsteinsson & SullivanPfefferbaum, Adalsteinsson & Sullivan
Biological Psychiatry Biological Psychiatry 20062006



AgeAge--Alcoholism InteractionAlcoholism Interaction

Callosal sizeCallosal sizeCallosal sizeCallosal size

Callosal diffusivityCallosal diffusivityCallosal diffusivityCallosal diffusivity

PfefferbaumPfefferbaum et al. et al. Neurobiology of Aging Neurobiology of Aging 20062006



Distribution of Alcoholism’sDistribution of Alcoholism’s
Pfefferbaum, Adalsteinsson & SullivanPfefferbaum, Adalsteinsson & Sullivan
Biological Psychiatry Biological Psychiatry 20062006

Effects on FA of White Matter in Effects on FA of White Matter in MenMen
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Distribution of Alcoholism’sDistribution of Alcoholism’s
Pfefferbaum, Adalsteinsson & SullivanPfefferbaum, Adalsteinsson & Sullivan
Biological Psychiatry Biological Psychiatry 20062006

Effects on FA of White Matter in Effects on FA of White Matter in WomenWomen



Redundant Targets EffectRedundant Targets EffectRedundant Targets EffectRedundant Targets Effect
Callosal Integrity and AlcoholismCallosal Integrity and Alcoholism

** ****

Single StimuliSingle Stimuli Paired StimuliPaired Stimuli

S1:S1: leftleft

**

S1S2:  left + rightS1S2:  left + right

****

S2:S2: rightright
bilateralbilateral

gg

RTE equiluminance

0 15
0.2

amplitudeamplitude

0 2
-0.15
-0.1

-0.05
0

0.05
0.1

0.15

R
[t] alcoholics

controls

amplitudeamplitude

-0.25
-0.2

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Response bins

Schulte, Schulte, PfefferbaumPfefferbaum, Sullivan , Sullivan NeuropsychologiaNeuropsychologia 20042004
Schulte et al. Schulte et al. Cerebral CortexCerebral Cortex 20052005
Schulte et al. Schulte et al. NeuroImageNeuroImage 20062006

Enhanced Reaction TimeEnhanced Reaction Time



Selective RelationshipsSelective Relationships
Pfefferbaum, Adalsteinsson & SullivanPfefferbaum, Adalsteinsson & Sullivan
Neurobiology of AgingNeurobiology of Aging 20062006

Selective RelationshipsSelective Relationships
Callosal Regions and Cognition in AlcoholicsCallosal Regions and Cognition in Alcoholics
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Regional White Matter Fiber BundlesRegional White Matter Fiber BundlesRegional White Matter Fiber Bundles Regional White Matter Fiber Bundles 
Alcoholism Pattern of DisruptionAlcoholism Pattern of Disruption
 Frontal and superior fibers are especiallyFrontal and superior fibers are especially vulnerablevulnerable Frontal and superior fibers are especially Frontal and superior fibers are especially vulnerablevulnerable

internal capsuleinternal capsule

frontal forcepsfrontal forceps external capsuleexternal capsule fornixfornix

superior superior 
longitudinal longitudinal 
fasciculusfasciculus

superior cingulate superior cingulate 
bundlebundle

 Posterior and inferior fibers are relatively Posterior and inferior fibers are relatively preservedpreserved

occipital forcepsoccipital forceps inferior inferior 
longitudinal longitudinal 
fasciculusfasciculus

inferior cingulate inferior cingulate 
bundlebundle

pontocerebellar pontocerebellar 
tractstracts

cerebellar cerebellar 
hemisphere fibershemisphere fibers

Pfefferbaum et al. Pfefferbaum et al. Biological Psychiatry Biological Psychiatry 20092009

 FA and FA and T affected in alcoholicT affected in alcoholic menmen
 T affected in alcoholicT affected in alcoholic womenwomen
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